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During nervous system development, spinal com-
missural axons project toward and across the ventral
midline. They are guided in part by netrin-1, made by
midline cells, which attracts the axons by activating
the netrin receptor DCC. However, previous studies
suggest that additional receptor components are re-
quired. Here, we report that the Down’s syndrome
Cell Adhesion Molecule (DSCAM), a candidate gene
implicated in the mental retardation phenotype of
Down’s syndrome, is expressed on spinal commis-
sural axons, binds netrin-1, and is necessary for
commissural axons to grow toward and across the
midline. DSCAM and DCC can each mediate a turn-
ing response of these neurons to netrin-1. Similarly,
Xenopus spinal neurons exogenously expressing
DSCAM can be attracted by netrin-1 independently
of DCC. These results show that DSCAM is a receptor
that can mediate turning responses to netrin-1 and
support a key role for netrin/DSCAM signaling in
commissural axon guidance in vertebrates.
INTRODUCTION
In the developing nervous system, axons grow long distances
over complex terrain by navigating a series of closely spaced in-
termediate targets, responding to the combined actions of at-
tractive and repulsive guidance cues (reviewed in Tessier-Lav-
igne and Goodman, 1996; Dickson, 2002). The ventral midline
of the central nervous system acts as an important intermediate
target for commissural axons in the developing spinal cord.
These neurons are born in the dorsal part of the spinal cord
and then send axons toward and subsequently across the ven-
tral midline, a region populated by so-called floor plate cells (re-
viewed in Kaprielian et al., 2001). The axons project toward the
midline in part because they are attracted by the floor plate-de-
rived chemoattractant netrin-1 (Kennedy et al., 1994; Placzek
et al., 1990; Serafini et al., 1994; Tessier-Lavigne et al., 1988).In mice lacking netrin-1, many commissural axon trajectories
are foreshortened, fail to invade the ventral spinal cord, and
are misguided (Serafini et al., 1996). However, some do reach
and cross the midline, indicating that other factors cooperate
with netrin-1 to guide these axons. Indeed, the evidence indi-
cates that guidance to the midline is also directed in part by
the morphogen Sonic Hedgehog (Shh), also made by floor plate
cells, which collaborates with netrin-1 inmidline attraction (Char-
ron et al., 2003).
Available evidence has indicated that Deleted in Colorectal
Carcinomas (DCC) is a key mediator of netrin-1’s functions in
commissural axon guidance. DCC is expressed by commissural
axons and binds netrin-1, and in DCC knockout embryos, com-
missural axons show growth and guidance defects similar to
those in netrin-1-deficient mice (Fazeli et al., 1997; Serafini
et al., 1996). In vitro evidence also supports a key role. First, ne-
trin-1 was purified on the basis of its ability to stimulate commis-
sural axon outgrowth from explants of rat dorsal spinal cord in
collagen gels (Serafini et al., 1994), and the outgrowth-promoting
action of netrin-1 on embryonic spinal commissural axons is
blocked by antibodies to DCC (Keino-Masu et al., 1996). Thus,
DCC is required for netrin-1’s outgrowth-promoting effects.
However, netrin-1 can also elicit a turning response in commis-
sural axons when presented from a point source (Kennedy
et al., 1994). Interestingly, the same antibody that blocks ne-
trin-1-mediated outgrowth of axons failed to block turning within
explants toward a netrin-1 source (Keino-Masu et al., 1996).
These results raised the question of whether DCC is required
for the turning response.
Later experiments examined the role of DCC in mediating ne-
trin responses using Xenopus spinal and retinal axons in dissoci-
ated cell culture. In those cultures, netrin-1 causes an increase in
the rate of extension of these axons, and, when presented from
a point source, netrin-1 can also elicit turning of the axons toward
the source. Both activities are blocked by the same antibody to
DCC used in the experiments described above (de la Torre et al.,
1997; Ming et al., 1997; Stein et al., 2001), indicating that DCC is
necessary for both of these effects.
Thus, experiments with Xenopus neurons showed that DCC is
both necessary and sufficient for mediating the outgrowth and
turning effects of netrin-1 in those neurons in vitro. They didCell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1241
not directly address whether DCC is also required for turning re-
sponses of rodent commissural axons toward a netrin source
within tissue. Here, we have revisited this issue by asking
whether commissural axons express other netrin receptors
that could function either alone or together with DCC in mediat-
ing these responses.
Down’s syndrome cell adhesion molecule (DSCAM) is a type I
TMorphan receptor comprising ten Immunoglobin (Ig) and six Fi-
bronectin type III (FNIII) repeats in its extracellular domain and an
intracellular domain with no identifiable motifs (Yamakawa et al.,
1998). The mammalian genome encodes two DSCAM genes:
DSCAM and its paralog, DSCAM-like 1 (DSCAM-L1). DSCAM
maps to a region on chromosome 21 (21q22.2-22.3) that has
been shown to contribute to cognitive deficits in individuals
with Down’s syndrome (DS) (Yamakawa et al., 1998). Some in-
sights into the functional contribution of DSCAMs to vertebrate
development have come from the characterization of a mouse
that carries a spontaneousmutation in theDSCAM gene display-
ing defects in neurite arborization and mosaic spacing (Fuerst
et al., 2008). In addition, Yamagata and Sanes (2008) reported
that DSCAMs contribute to laminar targeting in the chick retina.
Drosophila Dscam has been shown to function as an important
regulator of development in the fly nervous system and pos-
sesses extraordinary molecular diversity (reviewed in Zipursky
et al., 2006). Drosophila Dscam can potentially generate
38,016 different mRNA isoforms through alternative splicing
(Schmucker et al., 2000). This remarkable number of unique
Dscam isoforms has been shown to contribute to the formation
of complex patterns of neuronal connections including axon
guidance, targeting, tiling, axon branch formation, and specifica-
tion and dendrite patterning (Chen et al., 2006; Hughes et al.,
2007; Millard et al., 2007; Schmucker et al., 2000; Zhan et al.,
2004; Zhu et al., 2006). Further studies have shown that each iso-
form binds to itself but does not bind (or only binds poorly) to
other isoforms and that these preferential homophilic binding
relations contribute to the formation of complex patterns of neu-
ronal connections (Hattori et al., 2007; Matthews et al., 2007;
Meijers et al., 2007; Soba et al., 2007; Wojtowicz et al., 2007).
The two mammalian DSCAMs show little if any patterns of alter-
native splicing (Schmucker et al., 2000), as only two splice forms
were identified for DSCAM-L1, both resulting in a deletion in the
second Ig domain (Barlow et al., 2002). Although it has been
shown that mammalian DSCAMs can mediate homophilic cell
adhesion (Agarwala et al., 2001), the complexity of homophilic
binding seen in Drosophila clearly cannot be attained in mam-
mals. In addition, the Drosophila genome has four Dscam genes,
and only one of the four genes displays this extraordinary molec-
ular diversity. Thus, it is conceivable that DSCAMs may be acti-
vated by heterophilic ligands as well.
In our search of additional netrin-binding proteins, we found
thatDSCAM isexpressedbycommissural axonsandcanbindne-
trin-1.We provide evidence that it canmediate turning responses
to netrin-1, both alone and in collaborationwithDCC, andwepro-
pose that it accounts for themissing turning receptor in mamma-
lian commissural axons whose existence was foreshadowed by
previous studies. These studies both identify DSCAM as a netrin
receptor and illustrate how members of a family with important
homophilic actions can also function as heterophilic receptors.
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DSCAM Is Expressed by Commissural Axons
in the Developing Mammalian Spinal Cord
To explore whether additional guidance receptors exist that may
mediate turning of rodent commissural axons to netrin-1, we
initiated a screen and searched for receptors expressed on rat
commissural axons during E11–E13, a time when commissural
axons extend and cross the midline.
One approach we took was to search for Ig superfamily mem-
bers with homology to DCC. To this end, oligonucleotides recog-
nizing the third Ig and second FNIII domains of DCC, a highly
conserved region among DCC family members, were used to
perform rt-PCR using mRNA derived from rat E13 dorsal spinal
cord as a template. PCR products were identified by sequence,
and promising candidates were analyzed for their mRNA expres-
sion pattern in E13 rat spinal cord. One of the candidate recep-
tors isolated from this screen was DSCAM (see Experimental
Procedures). To explore whether DSCAM contributes to com-
missural axon growth and guidance, we first characterized its
spatial and temporal expression in the developing rat spinal
cord. A polyclonal antiserum was generated against the last
100 amino acids of its intracellular domain. Western blot analysis
showed that the antiserum specifically recognized DSCAM. A
similar-size protein was detected by the DSCAM antiserum in
E11 and E12 spinal cord extracts (see Figure S1 available online).
The antiserum was used to stain transverse sections of E12–E15
rat spinal cord. DSCAM protein appears to be dynamically regu-
lated during the period of commissural axon guidance to and
around the midline. At E12, DSCAM is highly expressed on
precrossing commissural axons, as well as on growth cones of
pioneer neurons that already have crossed the midline
(Figure 1B). During this time of development, many precrossing
axons are positive for both DSCAM and TAG-1 (Figure 1D). At
E13, DSCAM protein can still be detected on the precrossing
portions of commissural axons but to a lower extent (Figure 1F),
while expression increases on axons coursing in the ventral
(Figure 1F) and dorsal funiculus (Figure 1F). By E14 (Figure 1J)
and E15 (Figure 1M), DSCAM is abundantly expressed in post-
crossing axons, as well as at low levels in the dorsal root entry
zone (drez). In the drez, DSCAM protein appears to be located
more dorsally (Figures 1L and 1P). The sites and timing of ex-
pression of DSCAM are consistent with a possible role in axon
guidance during spinal cord development.
DSCAM Is Required for Commissural
Axon Guidance In Vivo
To investigate a potential role for DSCAM in commissural axon
pathfinding in vivo, we used a whole embryo culture (WEC) sys-
tem, whichmakes it possible to culturemouse embryos for 2 or 3
days and maintain normal spinal cord development (Chen et al.,
2008). As can be seen from Figure 2C, commissural axons trans-
fected with a control siRNA pool projected ventrally near the
edge of the spinal cord, successfully reached the ventral midline,
and crossed the floor plate. In contrast, commissural axons elec-
troporated with siRNAs specific to mouse DSCAM (Figures 2B,
2F, S2, and S3) displayed severe defects in axonal trajectories:
they appeared foreshortened, reaching the level of the
Figure 1. DSCAM Protein Is Expressed by
Commissural Axons in the Developing Rat
Spinal Cord
At E12, many commissural axons approach the
floor plate, and a few pioneer axons have begun
to cross (A). DSCAM is expressed on precrossing
commissural axons (asterisks in [B]), as well as on
growth cones and axons of pioneer neurons
(arrow in [B]). DSCAM expression is maintained
in commissural neurons at E13 (F), a time when
many axons cross to the contralateral side of the
spinal cord and begin to grow longitudinally (E).
DSCAM is expressed in precrossing axons (aster-
isks in [F]) and on axons coursing in the ventral (ar-
row in [F]) and dorsal funiculi (arrowhead in [F]). By
E14 (I) and E15 (M), DSCAM is expressed in post-
crossing axons (arrows in [J] and [N]) and at low
levels in the drez (asterisks in [J]). In contrast,
TAG-1 protein is primarily localized to the pre-
crossing region of commissural axons (C and G),
and, although it persists in the ventral funiculus
(in [G]), it appears to be rapidly downregulated in
postcrossing commissural axons (K and O) but
maintained in sensory neurons of the dorsal root
ganglia and in the drez. At E12 and E13, the major-
ity of precrossing (asterisks in [D] and [H]) and
crossing commissural axons (arrowhead in [D]
and [H]) are positive for DSCAM and TAG-1. In
the drez, DSCAM expression is found more dor-
sally (asterisks in [J], [L], [N], and [P]), whereas
TAG-1 is more ventrally expressed (arrow in [K],
[L], [O], and [P]).developing motor column but failing to project effectively to the
ventral midline or cross the midline. We next tested whether
the mDSCAM siRNA knockdown phenotype was specific to
DSCAM loss of function. Taking advantage of the specificity of
the siRNA#2 to murine DSCAM (Figure 2H), we introduced the
mDSCAMsiRNA together with a cDNA encoding humanDSCAM
(Yamakawa et al., 1998). As shown in Figure 2D, human DSCAM
partially rescued the phenotype, as many commissural axons
expressing human DSCAM reached and crossed the midline
(Figures 2C and 2E). Thus, the commissural guidance defects
caused by introducing mDSCAM siRNA appear specific to
DSCAM loss of function.
The phenotype displayed by axons in DSCAM RNAi knock-
down experiments is highly reminiscent of that observed in
netrin-1 and DCC mutant embryos, raising the possibility that
DSCAM may function with DCC in mediating netrin-1 effects.
DSCAM Binds Netrin-1
To determine whether DSCAM is a receptor for netrin-1, we ex-
amined whether netrin-1 binds cells expressing DSCAM protein
in a cell overlay binding assay (Keino-Masu et al., 1996). As
shown in Figure 3A, cells expressing DSCAM showed significant
binding to netrin-1-Fc. Netrin-1-Fc bound to these cells to an ap-
parently similar extent as to cells expressing DCC but did not
bind cells expressing Robo1. This result identifies DSCAM as
a candidate receptor for netrin-1.
To examine whether netrin-1 binds directly to DSCAM, we
generated a soluble form of the DSCAM ectodomain fused to
the Fc portion of human Ig (DSCAMecto-Fc). First, we foundthat DSCAMecto-Fc precipitated netrin-1 in an in-solution bind-
ing assay (Figure 3B). The binding appeared to be specific be-
cause DSCAMecto-Fc did not precipitate hepatocyte growth
factor (HGF), a ligand for the receptor tyrosine kinase Met, which
is of similar size and charge to netrin-1. The possibility that a co-
factor from the COS cells used to generate the fusion protein
contributed to the interaction was eliminated, as an in vitro-
translated dominant-negative (DN) form of DSCAM (lacking the
cytoplasmic domain) was capable of precipitating netrin-1 but
not HGF (Figure 3C). As a control, the DN form of Met precipi-
tated HGF but not netrin-1 (Figure 3C). In reverse experiments,
netrin-1 precipitated DSCAM but not the HGF receptor
(Figure 3D). We then evaluated whether endogenous netrin-1 as-
sociates with DSCAM protein in mouse E11.5 spinal cord ex-
tracts. Both DSCAM and DCC can be detected in netrin-1 pre-
cipitates (Figure 3E). Thus, netrin-1 can directly bind to
DSCAM in vitro and in vivo.
The affinity of DSCAM for netrin-1was estimated in equilibrium
binding experiments using netrin-1(VI.V)-Fc (Keino-Masu et al.,
1996), yielding a dissociation constant of 9.18 nM for DSCAM
(Figure 3F). This value is comparable with that observed for the
binding of netrin-1(VI.V)-Fc to DCC (Keino-Masu et al., 1996).
The Immunoglobin Domains of DSCAM Are Sufficient
to Bind Netrin-1 and Block Netrin-1-Mediated
Outgrowth
We next sought to identify specific subdomains of DSCAM in-
volved in netrin-1 binding. For this, we generated Fc-fusion con-
structs encoding either Ig domains one to six (DSCAM-Ig1/6-Fc),Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1243
Ig domains seven to nine (DSCAM-Ig7/9-Fc), Ig domains one to
nine (DSCAM-Ig1/9-Fc), or the six Fibronectin (FNIII) repeats that
surround the tenth Ig domain (DSCAM-FNIII-Fc), and we evalu-
ated binding to netrin-1 using the in-solution binding assay.
Netrin-1 bound to DSCAM-Ig1/9-Fc and DSCAM-Ig7/9-Fc but
not to DSCAM-Ig1/6-Fc or DSCAM-FNIII-Fc (Figure 3G). Thus,
DSCAM-Ig domains seven to nine seem to be necessary and
sufficient for netrin-1 binding.
From this finding, we predicted that DSCAM-Ig1/9-Fc and
DSCAM-Ig7/9-Fc should interfere with netrin-1-mediated com-
missural outgrowth (Serafini et al., 1994). Indeed, we found
Figure 2. DSCAM Is Necessary for the Guidance of Commissural
Axons to the Ventral Midline
(A) Schematic drawing of a transverse section of the spinal cord. A modified
whole embryo culture system was used to eliminate DSCAM expression in
commissural neurons by RNAi knockdown. mDSCAM siRNA-treated axons
fail to reach the midline (B), whereas the axons of commissural neurons
electroporated with control siRNAs reach and cross the midline (C). When
a cDNA-encoding human DSCAM, insensitive to the mDSCAM siRNA, was
coelectroporated, commissural axons reached and crossed the midline (D),
similar to in control siRNA electroporated axons (E). The width of the midline
is indicated in each image by the white bracket. (F) Quantification of axon
crossing defects caused due to lack of DSCAM protein. Shown are the per-
centages of labeled commissural axon bundles that cross the ventral midline
per section. Numbers in parentheses indicate the number of embryos quanti-
fied for each condition. *p < 0.0001 (Student’s t test) compared to axons co-
electroporated with human DSCAM cDNA. Error bars indicate the standard er-
ror of themean (SEM). (G) mDSCAMsiRNAs #1 and #2 blockmDSCAMprotein
expression as shown by western blotting, whereas human DSCAM is insensi-
tive to mDSCAM siRNA #2 (H).1244 Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc.that consistent with the binding data, addition of DSCAM-Ig1/
9-Fc or DSCAM-Ig7/9-Fc (as low as 1 mg/ml) blocked netrin-
1-mediated outgrowth (Figure 3H). Netrin-1-independent out-
growth was not altered by any of the DSCAM-Fc fusion proteins
(Figure S4).
Taken together, these findings suggest that the DSCAM-Ig
domains seven to nine are necessary and sufficient for netrin-1
binding.
DSCAM Is Required for Commissural Axon Growth
but Acts in Parallel to DCC in Axon Turning
Wenext examinedwhether DSCAM is required for the turning re-
sponses of rat commissural axons to netrin-1. This netrin-medi-
ated turning activity is demonstrated by culturing pieces of spinal
cord adjacent to control cells or cells secreting netrin-1. Under
control conditions, the axons grow along a stereotyped trajec-
tory within explants, but when cultured with cells secreting ne-
trin-1, the axons are deflected from this trajectory and turn
toward the source (Placzek et al., 1990; Kennedy et al., 1994;
Okada et al., 2006). To specifically knock down DSCAM expres-
sion, E11 rat spinal cords were electroporated on the dorsal
aspect with a GFP plasmid and either a control siRNA pool or
DSCAM-targeting siRNA#2. COS cell aggregates expressing re-
combinant netrin-1 were positioned alongside the dorsoventral
axis of these electroporated rat E11 whole spinal cord explants
and cultured for 48 hr.
Within control explants, commissural axons visualized by GFP
fluorescence follow their normal stereotyped dorsoventral tra-
jectory to the ventral midline similar to the one they take
in vivo. In the presence of COS cell derived netrin-1, control
siRNA-electroporated commissural axons were deflected from
this stereotyped dorsoventral trajectory and turned toward the
COS cell aggregate (Figures 4B and 4F). Downregulation of
DCC by RNAi or genetically (Figures 4G and S5) in this assay
resulted in inhibition of commissural axon growth. Importantly,
however, it did not result in the complete blockage of commis-
sural axon turning to a netrin-1 source, consistent with our find-
ing that antibodies to DCC did not block netrin-induced turning
within these explants (Keino-Masu et al., 1996). Interestingly,
while the cell bodies of control RNAi-treated commissural neu-
rons migrated ventrally (similar to their in vivo migration paths),
commissural neurons electroporated with DCC siRNA failed to
migrate ventrally (Figure 4G), an effect already evident at 16 hr
(Figure 4C) and consistent with a reported abnormal ventral
migration seen in DCC mutant mice (Ding et al., 2005).
The DSCAM siRNA-electroporated commissural axons also
appeared to be significantly shorter compared to control axons
(Figure 4H versus 4F). Nevertheless, the degree of axon turning
toward the netrin-1 source exhibited by commissural axons
electroporated with DSCAM RNAi was similar to the turning
of axons electroporated with control RNAi (Figure 4H versus
4F). In addition, cell body migration patterns of DSCAM RNAi
commissural neurons appeared normal (Figure 4H), suggesting
that DSCAM may be dispensable for the ventrally directed cell
body migration process.
Thus, these RNAi data support a model consistent with re-
quirements for both DCC and DSCAM in commissural axon
extension and for DCC alone in ventral cell body migration. To
test whether DCC and DSCAM were functioning redundantly in
turning or whether there was an additional receptor for turning,
we performed double siRNA knockdown of DCC and DSCAM
and found that turning was now abolished (Figures 4I and 4O).
The specificity of the DSCAM knockdown was confirmed by
the observation that heterologous expression of human DSCAM
was sufficient to partially rescue commissural axon turning
caused by DSCAM/DCC siRNA double knockdown (Figures
4N and 4O).
Thus, we propose amodel in which DCC and DSCAM function
together in mediating rat commissural axon turning within neural
epithelium.
A Receptor Complex of DSCAM and DCC
We next examined whether DSCAM and DCC can associate
biochemically. We first examined whether the two proteins are
coexpressed in commissural axons. DSCAM and DCC colocali-
zation can be detected in precrossing commissural axons in the
rat E12 spinal cord (Figure 5A). Although we cannot be certain
whether all commissural axons coexpress DSCAM and DCC.
The findings that DSCAM and DCC are coexpressed in vivo
raised the possibility that these two proteins may form a receptor
complex and may be part of the same signaling complex neces-
sary for the guidance of commissural axons in the spinal cord.
We next tested whether such a complex exists inmouse E11.5
spinal cord extracts. Indeed, DCC and DSCAM form a receptor
complex or are part of a receptor complex in spinal commissural
axons (Figure 5B).
To further dissect this interaction, we first sought to analyze
whether the DSCAM/DCC receptor complex requires netrin-1.
As shown in Figure 5C, DSCAM coprecipitated with DCC in the
absence of netrin-1, but the receptor complex dissociates in re-
sponse to netrin-1 stimulation. In contrast, DCC is multimerized
in the presence of netrin-1 but not in its absence (Figure 5C; Stein
et al., 2001). We next explored whether netrin-1 has a similar ef-
fect on dissociating an endogenous DSCAM/DCC complex. For
this, we turned to commissural neuron cultures derived from
mouse E11.5 dorsal spinal cord, which have little to no endoge-
nous netrin-1. Similar to the transfected cells, DSCAM forms
a complex with DCC in the absence of netrin-1 but not in its pres-
ence (Figure 5D).
We next sought to explore themechanism through which DCC
and DSCAM interact. As shown in Figure 5E, DCC failed to asso-
ciate with a DSCAM-Met chimera (a fusion of the DSCAM ecto-
domain and the TM and intracellular domain of Met) but associ-
ates with a full-length or DN form of DSCAM, suggesting that the
interaction requires the presence of the DSCAM TM domain.
These findings are consistent with our yeast-two hybrid results,
in which we did not observe any interaction of the DCC cytoplas-
mic domain with that of DSCAM (data not shown). Thus, the
cytoplasmic domains of DSCAM and DCC are neither sufficient
nor necessary for complex formation. Together, our results sug-
gest that DSCAM and DCC associate through a TM interaction in
the absence of netrin-1. The functional implication of this interac-
tion is not known but may allow DCC and DSCAM to contribute
to other guidance pathways in a netrin-1-independent fashion
(Yu et al., 2002) or may serve as a way to hold DSCAM andDCC in a resting state until netrin-1 reaches a critical concentra-
tion at which both receptors are activated.
These data suggest that DSCAM and DCC form a receptor
complex in the absence of netrin-1, whereas the presence of ne-
trin-1 (500 ng/ml) triggers the dissociation of the complex at least
in commissural neurons in vitro. These results imply that DSCAM
and DCC may signal independently.
We next sought to test whether DSCAM oligomerizes in re-
sponse to netrin-1 activation. As shown in Figure 5F, DSCAMs
do not coprecipitate in the absence or presence of netrin-1. Con-
sistent with this, the intracellular domain of DSCAM in a LexA-
based yeast-two hybrid system does not homodimerize (data
not shown). Thus, DSCAM may either signal as a monomer or
utilize a novel coreceptor to mediate netrin-1 attraction.
Involvement of DSCAM in Xenopus Neuron
Responses to Netrin-1
We next turned to the Xenopus axon-turning assay to determine
whether DSCAMcan also participate in netrin responses in those
cells. In that assay, the growth cones of these neurons in culture
are exposed to gradients of soluble factors established by repet-
itive pulsatile release from a glass micropipette (Zhang et al.,
1994). This assay has been used to characterize growth cone
responses to several guidance cues, including brain-derived
neurotrophic factor (BDNF), netrin-1, and Slit2 (Ming et al.,
1997; Stein and Tessier-Lavigne, 2001). When growth cones
from stage 22 embryos are exposed to gradients of netrin-1,
they turn and extend toward the point source of netrin-1, and
their rate of growth is increased, in a DCC-dependent manner
(Ming et al., 1997; Stein et al., 2001). Netrin receptors other
than DCC, including Xenopus Unc5a-d, neogenin, or the Adeno-
sine-2b receptor, have not been detected in stage 22 Xenopus
spinal neurons (G.S. et al., unpublished data). In fact, we failed
to detect DSCAM expression in stage 22 neurons by single-
cell RT-PCR (data not shown), indicating that DCC is the only
known netrin receptor expressed in stage 22 Xenopus spinal
neurons.
Despite the lack of DSCAM expression in these neurons, we
testedwhetheraDN formofDSCAMcouldblocknetrin responses
in theseneurons.Whereasuninjectedneurons turnedtowardane-
trin source (Figure 6A), neurons expressing the DN-DSCAM did
not (Figure 6B). This inhibitory action was selective for responses
to netrin-1 because turning responses to BDNFwere not affected
(Figure 6B). As a further control, neurons from embryos injected
with full-length DSCAM showed normal responses to both
netrin-1 and BDNF (Figure 6A). Thus, a DN form of DSCAM can
selectively block netrin responses in these cells.
The apparent lack of DSCAM expression in these neurons
allowed us to test whether DSCAM is sufficient to mediate turn-
ing. First, we studied cells in which we had overexpressed
DSCAM. In normal cells from uninjected embryos, we found
that the antibody to DCC blocks the axonal responses to ne-
trin-1 (Figure 6C; Ming et al., 1997). However, in cells from em-
bryos injected with full-length DSCAM mRNA, we found that
the response to netrin-1 was no longer blocked in the presence
of this antibody (Figure 6D). Similarly, neurites failed to respond
to netrin-1 when endogenous DCCwas knocked down by a spe-
cific XenopusDCCmorpholino, but the loss of netrin-1 attractionCell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1245
Figure 3. DSCAM Binds Netrin-1
(A) (Top) COS cells expressing DSCAM or DCC but not Robo1 bind netrin-1. (Bottom) Receptor expression was verified by immunocytochemistry.
(B–D) Netrin-1 specifically binds to DSCAM. (B) DSCAMecto-Fc or control [(BSA)] protein were incubatedwith netrin-1, HGF, or BSA and analyzed for protein-protein
interaction. Ligandproteinwasconfirmed. (CandD)DNformsofDSCAMandMetwere translated invitroandevaluated for ligandbindingusingcoprecipitationstudies.
(E) Netrin-1 associates with DSCAM or DCC in mouse E11.5 spinal cord extracts.
(F) Equilibrium binding of netrin-1 to DSCAM-expressing cells. 293 cells transfected with mDSCAM or vector alone were incubated with the indicated concen-
trations of ligand. Binding of netrin-1 (VI-V-Fc) was determined by measuring the radioactivity associated with the cells. Dissociation constant (Kd) measure-
ment: Scatchard analyses were performed on DSCAM and vector-expressing cells. Each point on the graph represents the average of four identical treatment
groups. Specific binding curves were fitted using the Hill equation, yielding a Kd value of 9.18 nM for DSCAM.1246 Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc.
Figure 4. DSCAM Promotes Axonal Growth
but Is Dispensable for Cell Body Migration
and for Axon Turning toward a Local Source
of Netrin-1 in Whole Spinal Cord Turning
Assays
(A and J) Schematic representation of commis-
sural axon turning assays and outcome of knock-
down experiments. E11 rat spinal cord explants
were cocultured with netrin-1-secreting cells post-
electroporation. Commissural axon trajectories
were visualized after 16 hr (B–E) or 48 hr in culture
(F–I). (B and F) Netrin-1 elicits directional commis-
sural axon turning in explants electroporated with
nontargeting control siRNAs, whereas downregu-
lation of DCC expression by RNAi inhibits axonal
growth and directional axon turning toward a local
source of netrin-1 and blocks medial cell body mi-
gration but does not alter commissural neuron
number (C and G). Downregulation of DSCAM in-
hibits commissural axon outgrowth but has no
effect on directional axon turning toward a local
source of netrin-1 and does not block medial
migration of neuronal cell bodies (D and H). In
DSCAM/DCC double knockdowns, axon turning
was abolished, whereas commissural axon out-
growth was altered to variant degrees (E and I).
Human DSCAM restores the commissural axon
growth defect caused by DSCAM RNAi #2 (M)
and is sufficient to rescue commissural axon turn-
ing toward a point source of netrin-1 in explants in
which both DSCAM and DCC are downregulated
by siRNA (N). (K) and (L) visualize commissural
axon trajectories at 16 hr of experiments shown
in (M) and (N), respectively. (O) Quantification of
the median turning distance of commissural
axons. For each explant, turning distance of
GFP-labeled commissural axons was measured
from the edge of the explant to the most distant
GFP-positive axon exhibiting a turning response
to netrin-1. Numbers in parentheses indicate the
number of explants quantified for each experimen-
tal condition. Error bars represent the standard
deviation (SD). p values (Student’s t test) indicate
whether the averages between various data sets
are statistically significant.was rescued by heterologous expression of mouse DSCAM in
DCC-deficient growth cones (Figure S6).
This result provides evidence that DSCAM can mediate a
turning response independently of DCC in these neurons.
Further evidence that DSCAM canmediate a turning response
came from using a chimeric receptor in which the ectodomain of
the HGF receptor Met replaced that of DSCAM. We tested the
function of this Met-DSCAM chimera by expressing it in stage22 Xenopus spinal neurons and evaluating their response in
the Xenopus assay. This assay relies on the observations that
wild-type stage 22 spinal neurons with monopolar or bipolar
morphology do not respond to HGF (Figure 7A; Stein et al.,
2001) and that netrin-1 and HGF can attract axons heterolo-
gously expressing Met and increase their rate of extension, but
a DN form of Met cannot transduce an attractive response to
HGF (Figure 7B; Stein et al., 2001). Thus, this effect requires(G) DSCAM Ig7/9-Fc is sufficient to bind to netrin-1. Netrin-1 binds only to immobilized DSCAM-Ig1/9-Fc and DSCAM-Ig7/9-Fc. One-tenth of the reaction was
removed prior to incubation and immunoprecipitated using an anti-myc (netrin-1) antibody.
(H) DSCAM-Ig1/9-Fc and DSCAM-Ig7/9-Fc block netrin-1-mediated commissural axon outgrowth of E11.5 mouse spinal cord explants. Eachmicrograph shows
a representative image from one out of three independent experiments.
(I) Quantification of the mean length of axon bundles per explant and total length of axons per explant (from at least four explants in triplicates). At concentration
of 1 mg/ml, DSCAM-Ig1/9-Fc and DSCAM-Ig7/9-Fc block completely netrin-1-mediated axon outgrowth. Error bars represent the standard deviation (SD). *Sta-
tistically significant change when compared with explants cultured in the presence of netrin-1 without DSCAM-Fc protein (p < 0.0001, Student’s t test). Numbers
in parentheses indicate the number of axon bundles (left) or the number of explants (right).Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1247
Figure 5. Netrin-1 Triggers the Dissociation of a DSCAM/DCC Complex
(A) DSCAM (red) and DCC (green) proteins colocalize in precrossing commissural axons in transverse sections of the E12 rat spinal cord. Lower panels are close-
ups (203) of the ventral spinal cord of section displayed above (103, Zeiss NLO confocal).
(B) Endogenous DSCAM and DCC protein associate in extracts derived from mouse E11.5 dorsal spinal cord.
(C) Netrin-1 triggers the dissociation of DSCAM and DCC but stimulates DCC oligomerization in vitro.
(D) Dissociated E11.5 dorsal spinal cords were cultured on laminin and stimulated with netrin-1 (300 ng/ml) for the indicated times, and receptors were analyzed
for complex formation. Endogenous DSCAM and DCC proteins form a complex in the absence of netrin-1 but not in its presence.
(E) DSCAM/DCC complex requires the presence of the TM domain of DSCAM. DCC coprecipitates with DSCAM or a DN form of DSCAM (DSCAMecto-TM) but
not with Met-DSCAM, a chimera composed of the ectodomain of DSCAM fused in-frame with the TM and intracellular domain of Met.
(F) DSCAM does not oligomerize in response to netrin. DSCAM(V5) and DSCAM(myc) were evaluated for coprecipitation in vitro.the presence of the intracellular domain of Met. When the Met-
DSCAM chimera was introduced into these spinal neurons,
growth cones turned and extended toward the HGF source
(Figure 7A). In addition, the presence of theMet-DSCAMchimera
in these growth cones did not alter endogenous DCC signaling,
because growth cones responded to netrin-1 gradients with
turning angles and a neurite extension similar to those seen for
wild-type control neurons (Figure 7A) or Met-expressing neurons1248 Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc.(Figure 7B). These results suggest that the intracellular domain of
DSCAM in the context of a Met-chimeric receptor can transduce
signals leading to growth cone attraction and axon elongation.
Taken together, these results indicated that full-length DSCAM
is capable of mediating a turning response in Xenopus neurons
and that its cytoplasmic domain is sufficient for this effect in
the context of a chimeric receptor, even though DSCAM may
not normally be expressed by these neurons.
Figure 6. DSCAM Guides Growth Cones Independently of DCC
DSCAM protein does not alter netrin-mediated attraction of monopolar and bipolar stage 22 Xenopus growth cones.
(A) Growth cones derived from embryos heterologously expressing mouse DSCAM display a similar pattern of chemoattraction and extension to netrin-1 and
BDNF as observed in wild-type growth cones.
(B) In contrast, a DN form of DSCAM blocks netrin-1 but not BDNF-mediated guidance.
(C) Wild-type, but not DSCAM-expressing, growth cones depend on DCC function to mediate chemoattraction to netrin-1. For all experiments described in this
figure, growth coneswere exposed for a 1 hr period to gradients of control medium (NA), netrin-1 (5 mg/ml), or BDNF (50 mg/ml). (Top) Distribution of turning angles
and (middle) net neurite extension are presented in scatter plots; each symbol represents the response of an individual neuron. (Bottom) Cumulative distribution
plots of turning angles for all conditions are shown. Numbers in parentheses represent the total number of growth cones tested in each condition. *Statistically
significant changes compared with wild-type neurons (p < 0.0001, Student’s t test).DISCUSSION
Our results indicate that DSCAM binds netrin-1 and can mediate
turning responses to this cue independently of DCC in rodent
commissural neurons, where it is normally expressed, and in
Xenopus spinal neurons, where it does not appear to be normally
expressed. In addition, in the developing rodent spinal cord, it
appears, like DCC, to be required for the normal growth and
guidance of commissural axons toward the midline. These re-
sults implicate DSCAM as a netrin receptor regulating axon
guidance independently of and in collaboration with DCC.
DSCAM Mediates Turning Responses to Netrin-1
In a previous study, we found that an antibody to DCC failed to
block the turning of commissural axons within dorsal spinalcord explants toward a netrin source, even though it could block
netrin-stimulated outgrowth of axons from explants into a colla-
gen matrix (Keino-Masu et al., 1996). We show here that knock-
down of DCC by RNAi has the same effect as the antibody: it
blocks outgrowth of commissural axons from explants but not
turning of these axons within explants in response to netrin-1.
These results could be explained if commissural axons express
an additional netrin receptor that canmediate turning in response
to netrin-1 independently of DCC but is not sufficient to mediate
outgrowth in response to netrin-1 independently of DCC.
Our results suggest that DSCAM is this receptor. It is ex-
pressed by commissural axons and binds netrin-1. Furthermore,
knockdown of DSCAM by siRNA by itself does not block turning
within explants in response to netrin-1, but when both DSCAM
and DCC are knocked down, turning is completely abolished.Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1249
Figure 7. The Intracellular Domain of DSCAM Signals Chemoattraction
(A) Wild-type spinal neurons derived from stage 22 Xenopus embryos do not respond to HGF, whereas HGF triggers attraction in growth cones heterologously
expressing aMet-DSCAM chimera. Distribution of turning angles (top) and net neurite extension (bottom) of all assayed neurons are presented as scatter plots in
response to culture medium (NA), netrin-1 (5 mg/ml), or HGF (10 mg/ml). Numbers in parentheses represent the total number of growth cones tested in each con-
dition.
(B) Cumulative distribution plot of turning angles for all conditions are shown. Percentage value refers to the percentage of growth cones with angular positions
less than a given angle.
(C) Turning angle (top) and net neurite extension (bottom) and cumulative distribution (D) of growth cones expressing either a DN form or full-length mouse Met
(right of dashed line). Growth cones were exposed to gradients with the indicated ligand as in (A). *Statistically significant changes compared with wild-type neu-
rons (p < 0.0001, Student’s t test).Taken together, these results suggest that DSCAM and DCC are
each sufficient to mediate turning, that they can function inde-
pendently to mediate this effect, and that together they account
for the receptors that mediate this turning response.
Interestingly, in a whole embryo culture system, knockdown of
DSCAM produces a phenotype very similar to that seen when
DCC function is lost by gene knockout, namely a profound im-1250 Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc.pairment of the growth of these axons toward the floor plate.
Thus, in contrast to the turning response, which is intact when
either one is knocked down individually, the growth response
requires both DSCAM and DCC.
One possibility is that the growth response in these neurons
requires a receptor complex of DCC and DSCAM. Alternatively,
DCC and DSCAM may function independently and not need to
form a receptor complex to mediate a growth response, but the
amounts expressed in these neurons may be limiting, such that
loss of either impairs axon growth.
Our findings show that DCC and DSCAM are capable of form-
ing a receptor complex in dorsal spinal cord tissue (Figure 5B),
but only 10%–20% of endogenous DSCAM and DCC protein
are found in a receptor complex. In addition, in dissociated dor-
sal spinal cord cultures as well as in transfected cells, DSCAM
and DCC form a complex in the absence of netrin-1, but the
presence of netrin-1 triggers the complex to dissociate (Figures
5C and 5D). Thus, our data strongly support a mechanism in
which DSCAM and DCC signal independently.
The ability of DSCAM tomediate a turning response to netrin-1
is further supported by heterologous expression studies in stage
22 Xenopus spinal neurons, which do not appear to express
DSCAM, at least as assessed by RT-PCR. The turning response
of these neurons to netrin-1 is normally blocked by the antibody
to DCC (supporting further the absence of DSCAM in these
cells), but when DSCAM is expressed heterologously in these
cells, the turning response is no longer blocked by the antibody,
consistent with the ability of DSCAM tomediate turning indepen-
dently of DCC. This finding is further reinforced by the observa-
tion that heterologous expression of a Met-DSCAM chimera in
these neurons makes them responsive to HGF in the turning
assay (Figure 7).
Together, these results identify DSCAM as a netrin receptor
capable of mediating turning responses to netrins, which is
also required for the normal growth of these axons within the
developing rodent spinal cord.
DSCAM Engages a Heterophilic Ligand for Guidance
Our results show that mammalian DSCAM can function as a re-
ceptor for the heterophilic ligand netrin-1. It will be of interest to
determine whether other heterophilic ligands can bind and acti-
vate DSCAM as well. In addition, some functions of vertebrate
DSCAMs may be mediated by homophilic binding; indeed, in
the vertebrate retina, DSCAM may contribute to arborization
through a self-avoidance mechanism to preserve mosaic spac-
ing in the retina (Fuerst et al., 2008). Thus, some of the homo-
philic functions are preserved between fly and vertebrate
(reviewed in Zipursky et al., 2006). The ectodomains ofDrosoph-
ila and mammalian DSCAM have significant homology, and both
receptors are capable of binding themselves homophilically
(Schmucker et al., 2000).DSCAM in both species displays a con-
served ectodomain structure; however, only Drosophila Dscam
was shown to potentially generate large numbers of splice ver-
sions. Recent studies suggest a model in which each DSCAM
isoform preferentially binds to the same isoform on opposing
cell surfaces and mediates repulsive responses (Hughes et al.,
2007; Matthews et al., 2007; Soba et al., 2007). However, not
all functional contributions ofDrosophilaDscam appear to be ex-
plicable by homophilic interaction, suggesting that Dscam may
utilize heterophilic binding partners as well (Chen et al., 2006;
Zhan et al., 2004). Indeed, in Dscam mutants, the BN axons dis-
play defects in recognizing P2, an intermediate target, and it has
been suggested that Dscam recognizes a local attractive signal
at this target—perhaps a netrin (Schmucker et al., 2000).DSCAM and Down’s Syndrome
DSCAM is one of the275 genes on chromosome 21, extra cop-
ies of which result in a number of significant clinical phenotypes
including cognitive defects (Antonarakis and Epstein, 2006).
DSCAM maps to chromosome 21q22, the locus associated
with the DS mental retardation phenotype (Yamakawa et al.,
1998). Changes in neuronal wiring are thought to be one of the
causes leading to impairment of cognitive function in DS, and
postmortem studies have revealed altered axon, dendrite,
and dendritic spine morphology and complexity (Antonarakis
and Epstein, 2006). Given the spatial and temporal expression
patterns of DSCAM during development (Agarwala et al., 2001;
Barlow et al., 2001) and its function as an axon guidance recep-
tor, elevated levels of DSCAM may contribute to changes in
neuronal wiring that ultimately cause altered cognitive function.
Conclusion
Drosophila Dscam has been implicated widely in regulating the
formation of neuronal connections, but whether DSCAM plays
a similar role in mammalian development has not been well
established. Our data provide biochemical and functional
evidence that mammalian DSCAM signals axon guidance in
response to heterophilic activation by netrin-1. Future studies
will establish whether DSCAM functions only in parallel to or
also in a complex with DCC, whether it has other coreceptors
and heterophilic binding partners, whether it participates in
other aspects of nervous system wiring including dendrite de-
velopment and synapse formation, and whether overexpres-
sion may contribute to DS.
EXPERIMENTAL PROCEDURES
Construction of Recombinant Fusion Proteins and Plasmids
A detailed description of all constructs used in this study is available in the
Supplemental Data or by request. Briefly, constructs were made in pGEX-
5X3 (Pharmacia) to generate GST-fusion proteins and the COS cell expression
vectors pCDNA3, pSEC-C (Invitrogen), and pCMV-Tag4b (Clontech). Various
ectodomain or intracellular domain fragments were derived by PCR from rat
DCC, mouse Met, and mouse DSCAM cDNAs (accession numbers U68725,
P16056, and NM031174, respectively).
RT-PCR Screen to Identify Ig-Receptors Expressed
in Commissural Axons
Total RNA was isolated from rat E13 dorsal spinal cords (DSC). mRNA was re-
verse transcribed using random hexamer primers (Invitrogen) and AMV-RT
(Promega). Single-strand product was used as a template for PCR amplifica-
tion using Forward-primer (50-CAN CARWSN GAY GAR CYNWSN GCN CYN
CYN-30) and Reverse primer (50-RTT RTT RAA NGC NCK NAG RCT NAT NAC
RTA-30 ). The PCR reaction consisted of 5 min 95C followed by 35 cycles of 45
s at 95C, 1 min at 56C, and 2 min at 72C and completed by a 10 min exten-
sion at 72C. A 500 bp fragment was purified, cloned into pCRII-TOPO (Invitro-
gen), and sequence analyzed. Candidate clones’ encoding receptors were
evaluated for their expressions by in situ hybridization.
Production and Purification of Recombinant DSCAM-Fc
293T cells were transfected with various mDSCAM-Fc constructs using
Fugene 6, conditioned for 7 days, and concentrated by size exclusion.
Recombinant Netrin-1
Recombinant netrin-1 was purified as described before (Serafini et al., 1994).
Netrin-1 was functionally evaluated for its ability to trigger neurite outgrowth ofCell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc. 1251
DSC explants (Serafini et al., 1994) and attract Xenopus spinal neurons as
described (Stein et al., 2001).
Transfection and Immunoprecipitation
COS cells were transfected with the respective expression constructs using
Fugene-6 (Roche). About 60 hr posttransfection, medium cells were stimu-
lated with either 500 ng/ml netrin-1 [(+) netrin-1] or BSA [(-)] for 10 or 30 min
at 37C and lysed in 1 ml WG-buffer (Stein et al., 2001). Lysates were incu-
bated with the indicated antibodies for 8–10 hr at 4C, and complexes were
recovered and washed extensively on protein A sepharose beads. IPs were
separated on 8% SDS-PAGE, and western blots were incubated with the indi-
cated antibodies and analyzed with ECL reagent (Amersham).
Tissue Immunoprecipitation
For each tissue IP, DSC tissue was isolated from 10–12 E11.5 mouse embryos
and lysed in WG buffer. Precleared lysates were incubated with the indicated
antibodies for 6 hr at 4C. IPs were recovered and analyzed as described
above.
Dissociated Commissural Neuron Cultures
For primary embryonic cultures, DSC tissue from about 30 E11.5 mouse em-
bryos was isolated and dissociated with Cell Dissociation solution (Invitrogen)
and trituration. Neurons were seeded in commissural medium (F12, 2% FBS,
N3 supplement, 20 mM glucose) at a density of 5 3105cells per cm2 on PDL/
laminin and cultured for 12 hr at 37C.
Equilibrium Binding Assay
Equilibrium binding assays were done as described before (Keino-Masu et al.,
1996). A detailed description of this assay is available in the Supplemental
Data. Dissociation constants were determined using Graph Pad Prism 4 Soft-
ware.
Binding Experiments
COS-7 cells were transfected with cDNAs encodingmDSCAM, rDCC, rRobo1,
or pSEC-B (Invitrogen) using Fugene 6. At 70 hr after transfection, the cells
were incubated with 2 mg/ml recombinant myc epitope-tagged netrin-1 in
binding buffer at 37C for 1 hr, washed three times with PBS/1% HINGS,
and fixed with methanol (50% methanol/50% PBS for 2 min followed by
100% methanol for 2 min). Rinsed cells were incubated with anti-myc (1mg/
ml) for 1 hr followed by three washes with PBS/1% HINGS. Binding was de-
tected by fluorescence staining.
In-Solution Binding Assay
Purified Fc, DCC-Fc, or DSCAM-Fc fusion proteins were immobilized on pro-
tein A sepharose beads. Beads were then incubated with myc-epitope-tagged
netrin-1, recombinant hepatocyte growth factor (HGF, Calbiochem), or BSA
for 2 hr at 4C followed by three washes with WG buffer. The bound proteins
were recovered and analyzed by western blotting with the indicated anti-
bodies. For ligand IPs, one-fifth of each of the above reaction was precipitated
for 4 hr at 4C and analyzed by western blotting as above.
DSCAM and Met constructs were transcribed and translated in vitro in the
presence of microsomal membranes and 35S-Cysteine (GE Healthcare) using
the TNT-kit (Promega). Translated proteins were incubatedwith either netrin-1,
recombinant HGF, or BSA for 2 hr at 4C in WG buffer followed by IPs with the
indicated antibodies for 4 hr at 4C. Complexes were collected on protein A
sepaharose beads and washed and analyzed by autoradiography or western
blotting.
Generation and Characterization of Polyclonal Antibodies
For the GST fusion antibodies, mDSCAM AAs 1913–2013 were cloned into
pGEX-5X3, and recombinant protein was used to generate polyclonal rabbit
antibodies (Protein Tech, Chicago, IL).
Immunohistochemistry
Timed pregnant embryos were collected and fixed in 4% PFA overnight. Sec-
tions were permeabilized in 0.5% desoxycholic acid in 13PBS (20 min at RT),
rinsed with 13PBS, blocked in PHD (13PBS/2% goat serum/0.1% desoxy-1252 Cell 133, 1241–1254, June 27, 2008 ª2008 Elsevier Inc.cholic acid), and incubated overnight with antibodies to DSCAM (1:800),
anti-DCC (1 mg/ml) (Calbiochem, AF5), TAG-1-conditioned medium (1:400)
(monoclonal 4D7, DHSB, Iowa). After three 15 min washes at RT with PBS,
sections were incubated with the respective secondary antibodies diluted
in PBS/2% HINGS and washed prior to mounting in Fluromount (Southern
Biotech).
Commissural Axon Outgrowth Assays
Explants of E11.5 mouse DSCs were isolated and cultured as described pre-
viously (Serafini et al., 1994). When indicated, outgrowth of commissural axons
was elicited by adding 300 ng/ml of recombinant netrin-1 to the culture me-
dium. Explants were fixed and analyzed 16–18 hr post medium addition.
Xenopus Embryo Microinjection, Cell Culture,
and Xenopus Turning Assay
Cultures of Xenopus spinal neurons prepared from neural tube tissue of stage
22 embryos and growth cone-turning assays were performed as described
(Stein et al., 2001) using netrin-1 (5 mg/ml), HGF (Calbiochem; 10 mg/ml), or
BDNF (Calbiochem; 50 mg/ml). Anti-DCC (AF5, Calbiochem; 2 mg/ml),
DSCAM-Fc, or Fc were added to the medium 30 min before initiating the gra-
dient. A detailed description is available in the Supplemental Data.
RNAi in Whole Spinal Cord Explant System
E11 rat embryos were placed in L15 medium, and siRNAs together with GFP-
encoding plasmids were injected into the central canal of neural tubes. SiRNAs
and plasmids were delivered to dorsal progenitor cells by electroporation to
the dorsal side of the embryo. Whole spinal cord explants were dissected
out, embedded into a 3D collagen gel matrix, and cultured in Opti-MEM/F12
medium with netrin-1 and 5% horse serum at 37C in a 5% CO2 environment.
COS cell aggregates expressing chick netrin-1 were positioned along the dor-
soventral axis of the whole spinal cord explants. At 16 and 48 hr after electro-
poration, GFP-labeled axons and cell bodies of commissural neurons were
visualized by fluorescence microscopy.
The following siRNA sequences targeting rat DSCAM were used in this ex-
periment: rDSCAM siRNA#1, GGA CCU GAG CUU AGG ACA A; rDSCAM
siRNA#2, GUG GGA GAG GAA GUG AUU U; and rDSCAM siRNA#3, ACA
CAA UGG AGA CCA UAG A.
In control experiments, siCONTROL nontargeting siRNA#1 (D-001210-01-
20, Dharmacon) was used. For rescue experiments, 1 mg of human DSCAM
cDNA was coelectoroporated together with rat DCC siRNA pool and rat
DSCAM siRNA#2 to the dorsal aspect of the embryo.
Quantification: For each explant, the turning distance of GFP-labeled com-
missural axons was measured from the edge of the explant to the most distant
GFP-positive axon exhibiting a turning response to netrin-1. Statistical analy-
sis was performed using GraphPad prizm.
RNAi in the Whole Embryo Culture System
E9.5 mouse embryos were dissected out of the yolk sac and amnion mem-
brane in DMEM medium. Control siRNAs together with GFP (or RFP) were
injected into the neural tube and electroporated laterally to one side of the em-
bryo. Targeting siRNAs and RFP- (or GFP-) encoding plasmid were then in-
jected into the neural tube and electroporated to the opposite side of the em-
bryo. Whole mouse embryos were cultured in rat serum for 2 days in 65% and
95% oxygen environments. Fluorescent microscopy was used to detect GFP-
and RFP-labeled commissural axons on transverse sections of the spinal cord.
The following siRNA sequences targeting mouse DSCAMwere used in this ex-
periment: mDSCAM siRNA#1, GGA CCU GAG UUU AGG ACA A; mDSCAM
siRNA#2, GUG GGA GAG GAA GUG AUA U; mDSCAM siRNA#3, ACA CAA
UGG AGA CCA UAG A; and siCONTROL nontargeting siRNA #1 (D-001210-
01-20, Dharmacon).
Rescue experiments were conducted as described above, except that
mDSCAM siRNA#2 was coelectroporated with human DSCAM and RFP
cDNAs into one side of the E9.5 mouse embryo. Control siRNA and GFP
(or RFP) were electroporated to the opposite side of the embryo.
Quantification was performed in the following way. Transverse sections of
the spinal cord were subdivided into the dorsal, medial, and ventral quadrants.
Counts of the labeled commissural axon bundles entering the floorplate (FP)
were taken within the ventral quadrants of the spinal cord sections. The total
number of the labeled commissural axon bundles per section was determined
by counting axon bundles that extend within themedial quadrants of the spinal
cord sections. Percentage of commissural axon bundles crossing the FP was
determined by taking the ratio of the number of axon bundles entering the FP in
the ventral quadrant to the total number of axon bundles extending within the
medial quadrant.
SUPPLEMENTAL DATA
Supplemental Data for this article, including Supplemental Figures and Exper-
imental Procedures, can be found online at http://www.cell.com/cgi/content/
full/133/7/1241/DC1/.
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